We review the current state of membrane protein structure determination using solid-state nuclear magnetic resonance (NMR) spectroscopy. Multidimensional magic-angle-spinning correlation NMR combined with oriented-sample experiments has made it possible to measure a full panel of structural constraints of membrane proteins directly in lipid bilayers. These constraints include torsion angles, interatomic distances, oligomeric structure, protein dynamics, ligand structure and dynamics, and protein orientation and depth of insertion in the lipid bilayer. Using solid-state NMR, researchers have studied potassium channels, proton channels, Ca 2+ pumps, G protein-coupled receptors, bacterial outer membrane proteins, and viral fusion proteins to elucidate their mechanisms of action. Many of these membrane proteins have also been investigated in detergent micelles using solution NMR. Comparison of the solid-state and solution NMR structures provides important insights into the effects of the solubilizing environment on membrane protein structure and dynamics.
INTRODUCTION
Membrane proteins represent one-third of all proteins in most genomes and carry out a wide range of essential cellular functions. They transport ions and metabolites across the lipid membranes that surround cells and intracellular organelles, convert light energy to chemical energy, fuse the membranes of two cells, and transmit chemical signals across the membrane to regulate cell growth and division. The misfolding and malfunctioning of membrane proteins can cause devastating illnesses, such as heart disease, cancer, and diabetes.
Because of their natural residence in phospholipid bilayers, whose central portion is entirely hydrophobic, membrane proteins differ from globular proteins in their structural organization. Most membrane proteins have a highly hydrophobic exterior that contacts the lipids. For ion channels and transporters, this hydrophobic surface is accompanied by a hydrophilic interior that coats the passage for ions and water. Membrane proteins are usually insoluble in aqueous solution but are solubilized only in lipids and detergents. The molecular weight of these proteindetergent complexes is usually large, making it challenging to use solution nuclear magnetic resonance (NMR) spectroscopy for structure determination. Large crystals of membrane protein complexes with detergents and lipids are also difficult to grow, thus limiting the use of X-ray crystallography for atomic-resolution structure determination. Owing to these challenges, the number of unique membrane protein structures in the Protein Data Bank in early 2011 is only ∼270 (http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html), which accounts for only ∼1% of all unique protein structures deposited to date.
Solid-state NMR (SSNMR) is an atomic-resolution spectroscopy used to study the structure and dynamics of molecules without isotropic mobility. The systems amenable to SSNMR include not only rigid solids but also anisotropically mobile molecules such as lipid membranes. Thus membrane proteins, which have no long-range order and often exhibit anisotropic mobility, are ideal for SSNMR-based structure determination. Importantly, SSNMR allows membrane proteins to be studied in phospholipid bilayers, which represent biological membranes much more realistically than detergents do.
SSNMR yields three-dimensional (3D) structural constraints by exploiting the interactions of nuclear spin magnetic moments with static magnetic fields and radiofrequency fields and by detecting the effects of structurally sensitive nuclear spin interactions such as chemical shielding, dipolar coupling, and quadrupolar coupling in the NMR spectra. Although these fundamental aspects of SSNMR are the same as solution NMR, SSNMR has the advantages of fully detecting the orientational dependence of these nuclear spin interactions to give precise information about protein orientation and dynamics.
There are two major SSNMR approaches for studying membrane protein structure. The first involves magic-angle spinning (MAS) of the samples to obtain high-resolution spectra that reflect isotropic chemical shifts and recoupled, orientation-dependent (anisotropic), dipolar couplings and chemical shift anisotropy. MAS NMR provides a diverse array of structural information such as inter-atomic distances, backbone torsion angles, side-chain conformations, and motional amplitudes and timescales. The second approach involves aligning lipid membranes to determine the protein orientation in the phospholipid bilayer. In the past 10 years, MAS SSNMR underwent a rapid development in which a suite of 2D, 3D, and 4D correlation techniques was invented to determine the full 3D structures of proteins (1) . This development coincided with increasingly sophisticated molecular biology and biochemical methods to express, isotopically label, and reconstitute proteins into lipid bilayers. These innovations resulted in the structure determination of ion channels and membrane-bound enzymes, as well as nonmembrane-associated globular proteins (2) and amyloid fibrils (3) . These MAS correlation techniques also stimulated site-specific studies GPCR: G protein-coupled receptors of ligand binding to large membrane proteins such as G protein-coupled receptors (GPCRs) (4) . Finally, solution and SSNMR are increasingly used in parallel to study the same membrane proteins in detergent micelles versus lipid bilayers, thus providing opportunities for understanding the conformational dependence of membrane proteins on the environment (5) .
In this article, we review the latest membrane protein structures studied by SSNMR. We describe the methodological advances in MAS NMR that enabled the comprehensive study of membrane protein structure and summarize key findings of several membrane protein systems. We emphasize membrane proteins that have been investigated using multiple NMR methods, including MAS SSNMR, oriented-membrane SSNMR, and solution NMR. This choice allows us to examine the effects of the membrane-mimetic solvent on protein structure and dynamics and highlights the increasing synergy among different approaches. More focused reviews of the application of solution NMR to membrane proteins have been recently given elsewhere (6, 7) .
HIGH-RESOLUTION SOLID-STATE NMR TECHNIQUES FOR STUDYING MEMBRANE PROTEINS
Since the late 1990s, a number of multidimensional 13 C- 13 C and 13 C- 15 N MAS correlation experiments were introduced for resonance assignment and chemical shift determination of extensively 13 C and 15 N labeled proteins. These techniques were built on the previous decade's dipolar-recoupling techniques (8) . Distance-dependent internuclear dipolar couplings are normally averaged by MAS and must be selectively reintroduced with radiofrequency pulses without affecting the averaging of the undesired chemical shift anisotropy. These dipolar-recoupling sequences became the building blocks for MAS correlation experiments that transfer polarization between 13 C and 15 N nuclei in proteins. The concatenation of several polarization transfer steps allows the correlation of resonances within a residue and between two consecutive residues. For example, the correlation of 15 N with Cα and side-chain carbons (NCACX) allows the assignment of signals belonging to a certain amino acid type, whereas the correlation of 13 CO with its directly bonded 15 N allows the assignment of signals belonging to two sequential residues (9-11). For these experiments, the proteins are uniformly 15 N labeled, and 13 C labeling can be either uniform to maximize resonance assignment or selective to enhance spectral resolution. The latter can be achieved using site-specifically labeled glucose or glycerol. For example, 2-13 C-glycerol selectively labels backbone Cα and CO of many amino acids, whereas 1,3-13 C-glycerol preferentially labels the side chains (12) (13) (14) . To reduce spectral congestion, one can unlabel certain residue types in a protein by using natural-abundance amino acids in combination with 13 C-labeled glucose (15) . Resonance assignment gives 13 C and 15 N isotropic chemical shifts, which constrain protein φ, ψ, χ torsion angles (16, 17) . Modern computation methods suggest that it may be possible to use chemical shifts as the main input to determine the full 3D structure of proteins (18) ; thus chemical shifts will play an increasingly important role in structure determination. Complementing chemical shifts are dipolar correlation experiments to directly measure torsion angles (19, 20) . For example, the correlation of N-Cα and CO-N dipolar couplings yields the ψ angle, whereas N-H and Cα-Hα dipolar correlation gives the φ angle. Once the chemical shifts are known, 13 C and 1 H spin-diffusion experiments (21-23) can be conducted to measure cross-peak intensities to determine interatomic distances. Long-range distances between nonsequential residues provide crucial constraints to the 3D fold of the protein.
These MAS correlation experiments primarily determine the monomer structure of the protein. Many membrane proteins form oligomeric assemblies in the lipid bilayer, and protein orientation and depth of insertion, protein-lipid interactions, and backbone and side-chain dynamics are integral aspects of the membrane protein structure. SSNMR is a versatile technique capable of extracting this wide range of information. To determine the oligomeric number and intermolecular packing, investigators have conducted 19 F spin-diffusion (24, 25) and 1 H-X dipolar-recoupling (26, 27) experiments, which exploit the high gyromagnetic ratios of 1 H and 19 F spins, to measure distances in the 10-15-Å range, well beyond the distance range of low-frequency nuclei such as 13 C and 15 N. Membrane protein structure must be referenced to the lipid bilayer in terms of the protein orientation and depth of insertion. NMR frequencies intrinsically depend on the orientation of nuclear spins in the magnetic field. But the random orientation of typical proteoliposomes obscures the inherent orientation dependence of the frequency. To retrieve this information, one must uniaxially align the protein, by orienting the membrane either mechanically on glass plates or magnetically using liquid-crystalline media. With a uniform orientation, the dipolar coupling and chemical shift become well resolved, even without MAS, and reveal the protein orientation from the bilayer normal (28) . The main hurdle in this oriented-sample solid-state NMR (OS-SSNMR) approach is the difficulty of alignment. Recently, a new approach that bypasses alignment was introduced (29) . It takes advantage of the fact that when membrane proteins undergo fast rigid-body uniaxial diffusion around the bilayer normal, the order parameters that scale the anisotropic couplings depend on the orientation of the bonds relative to the motional axis. Because order parameters can be measured using MAS experiments on unoriented samples, orientation determination for uniaxially diffusive proteins amounts to mobility determination on unoriented liposomes (30) . This approach has been demonstrated on several membrane peptides and proteins (30) (31) (32) (33) , and even relatively large membrane proteins such as seven transmembrane (TM) helix proteins (34) have been shown to exhibit sufficiently fast uniaxial mobility in the fluid lipid bilayer.
The depth of insertion of membrane proteins can be determined by three techniques: lipid-toprotein 1 H spin diffusion (35, 36) , paramagnetic relaxation enhancement by membrane-surfacebound paramagnetic ions such as Mn 2+ and Gd 3+ (37) , and protein-lipid 13 C-31 P or 13 C-19 F distance measurements (38, 39) . The probes that give a depth reference can be at the membrane surface, such as 31 P and metal ions, or in the center of the membrane, such as methyl protons or CF 3 groups at the lipid acyl chain ends. In most cases, it is sufficient to know the depth irrespective of the bilayer leaflet into which the protein inserts. However, for systems in which the sidedness of membrane insertion is important to know, this information can be obtained by coating only one surface of the bilayer with paramagnetic ions (40) .
Elucidating the mechanisms of action of membrane proteins requires knowing not only how proteins are structured, but also how they move. Membrane proteins must change their conformations to conduct ions, bind ligands, interact with receptors, or transit from the aqueous solution to the lipid membrane. Some motions are large scale, such as rotational diffusion around the bilayer normal (30, 41) , motions that change the relative orientation of two domains, and refolding to transform a water-soluble state into a membrane-bound state (42, 43) . Local motions include side-chain rotameric exchanges (44), torsional fluctuations, methyl rotations, and aromatic ring flips. The effects of motion manifest in different ways in the NMR spectra. Submicrosecond motions narrow the NMR lines, whereas millisecond motions cause exchange (cross) peaks in 1D and 2D spectra. Intermediate motions between these two timescales broaden the spectra. One can determine the amplitude of fast motions from line-narrowing effects in 2 H and 13 C-1 H dipolar spectra and extract motional rates from nuclear spin relaxation rates. Compared with solution NMR, SSNMR has the advantage that it is able to measure order parameters directly as the scaling factor between the measured couplings and the rigid-limit couplings and to convert these order parameters into motional amplitudes without making assumptions about the correlation function (45).
In addition to the above approaches for determining the structure and dynamics of membrane proteins, many SSNMR methods are in place to determine the atomic details of proteinligand binding. Interatomic distances can be measured using both heteronuclear and homonuclear dipolar-recoupling techniques such as REDOR (46) and rotational resonance (47). Ligand dynamics, which often shed light on the surrounding protein environment, can be probed using 2 H NMR. The latter has been used to good advantage, for example, to study rhodopsin-retinal interactions and drug binding to the influenza M2 protein.
Potassium Channels
Potassium channels regulate electric potentials across the membranes of muscles and neurons by conducting potassium ions down the electrochemical gradient. A number of X-ray crystal structures have revealed the potassium binding sites and protein conformational changes involved in gating (48-50). However, the structures of potassium channels in lipid bilayers and their dependence on ion concentration, pH, and channel blockers are ideally addressed by SSNMR.
MAS NMR has been used extensively to investigate the conformation and dynamics of potassium channels. By assigning the chemical shifts, one can obtain (φ, ψ) torsion angles and their perturbations by the environment. Baldus and coworkers examined the conformational dynamics of the potassium channel KcsA-Kv1.3 under different pH, K + concentration, and inhibitor binding conditions using SSNMR in combination with electrophysiological experiments (51-54). The protein is a chimera between the prokaryotic pH-gated KcsA channel and the mammalian voltage-gated Kv1.3 channel. Using 2D and 3D MAS NMR, the authors assigned the majority of the protein residues (51, 52) and mapped out chemical shift changes due to channel activation, inactivation, and inhibition. When the protein changes from the high-pH closed state to the low-pH inactivated state, the selectivity filter residues show chemical shift changes that indicate a transition from the conductive to the nonconductive conformation (53). Sidechain Cδ chemical shifts indicate that Glu residues near the intracellular activation gate become protonated at low pH, opening the gate (54). High K + concentration (50 mM) stabilizes the open state of the selectivity filter regardless of pH. The conformational changes of the selectivity filter and the intracellular activation gate are coupled: A closed selectivity filter opens the activation gate, whereas a conducting selectivity filter closes activation gate (54). Chemical shifts combined with 1 H-1 H distances measured in 2D experiments showed that two channel blockers, the scorpion toxin kaliotoxin and a tetraphenylporphyrin, inhibit KcsA-Kv1.3 in different ways. Kaliotoxin perturbs the upper region of the selectivity filter (51) but leaves the filter in the conducting state, which induces the closed conformation of the intracellular activation gate (54). In contrast, tetraphenylporphyrin, with its four positively charged side chains, causes a collapsed selectivity filter and an open activation gate, similar to the effect of low pH on the channel (53, 54).
McDermott and coworkers (55, 56) studied the effects of K + concentration at constant pH on the KcsA structure using multidimensional MAS NMR. (36) has provided insights into the global conformational changes during K + channel opening and closing. Specifically, 1 H spin diffusion from water to proteins occurs at a rate that depends on the water-protein surface area. By quantifying the spin-diffusion buildup using a low-resolution lattice model of the channel structure, Baldus and coworkers (59) showed that the water-exposed surface area of the KcsA-Kv1.3 channel increased by 65% as the pH decreased to open the channel. The square root of the mixing time required to reach equilibrium, √ t s m , changes with pH in a sigmoidal fashion with a mid-point at pH 6, consistent with the pH dependence of K + channel activation. Because KcsA is thermally stable and readily solubilized in detergents, it was also well studied by solution NMR methods. These studies focused on chemical shift perturbation and relaxation time changes due to pH-and K + -dependent channel activation and gating (57, 58, 60). Various structural signatures were identified for the high-pH and low-K + closed state and the low-pH and high-K + inactivated state. Information on the more transient open state was also obtained. The solution NMR studies agreed on the existence of two selectivity filter conformations and the coupled nature of the selectivity filter and activation gate changes. However, they differed on the precise timescales of the conformational change, with estimates ranging from 10 −2 to 10 −4 s. This discrepancy likely results from the different detergents and temperatures employed in these studies.
Proton Channels
The M2 protein of the influenza A virus forms a tetrameric pH-activated proton channel that is important for the virus life cycle (61). The TM helix of this minimalist channel contains the key residues for proton selection (His37) and channel gating (Trp41). The channel is inhibited by the antiviral drugs amantadine and rimantadine, whose efficacy was compromised by the S31N mutation in most of the recent circulating flu viruses (62). High-resolution structure of the M2 protein is important both for developing alternative antiviral drugs to target the mutant protein and for understanding fundamental aspects of proton transport. At least three states of the protein can be distinguished: the low-pH open state, the high-pH closed state, and the inhibitor-bound state. Structure determination of this protein has been intensely pursued using MAS SSNMR, oriented-sample SSNMR, and solution NMR (63).
Cross and coworkers used 15 N SSNMR of glass-plate-aligned samples to determine the orientation of the M2 TM helix. These experiments showed that M2TM was tilted by ∼35
• in DMPC (dimyristoylphosphatidylcholine) bilayers at low, albeit uncontrolled, pH (64, 65). Subsequent experiments refined the sample preparation methods to control the pH and defined the orientations of the amantadine-bound peptide (66) as well as the orientation of the TM domain as part of the intact protein (67). Drug binding to M2TM in DMPC/DMPG (dimyristoylphosphatidylglycerol) bilayers at pH 8.8 caused a ∼10
• kink at Gly34 (66). When a construct including both the TM domain and its immediate C-terminal amphipathic helix was reconstituted into DOPC/DOPE (dioleoylphosphatidylcholine/dioleoylphosphatidylethanolamine) bilayers at pH 7.5, the TM helix showed a tilt angle of 32
• , whereas the amphipathic helix was tilted by 105
• from the bilayer normal (68); thus the latter is roughly parallel to the membrane surface (Figure 1c) . The turn between the two helices, formed by only two residues, is tight and rigid.
Hong and coworkers used MAS NMR experiments to investigate the conformation and dynamics of M2TM in lipid bilayers as a function of pH and drug binding. (Figure 1b) showed the binding site inside the N-terminal pore, consistent with biochemical evidence (72), whereas a solution NMR study found drug-protein nuclear Overhauser effects for residues on the C-terminal surface of the TM helical bundle (73) (Figure 1d ). The two studies used different drug concentrations, protein lengths, pH, and detergents, thus complicating the interpretation of the origin for the difference.
Subsequent SSNMR studies of M2 peptides in lipid bilayers as a function of drug concentration and peptide length resolved this controversy. Using 13 C-2 H REDOR experiments that measured intermolecular distances between 13 C-labeled peptide and perdeuterated amantadine, Hong and coworkers (74) showed that the first stoichiometric equivalent of drug binds with high affinity to the N-terminal pore, closest to Ser31 (Figure 2a,b) , whereas excess drugs bind to the C-terminal surface site from the membrane side with low affinity. Static 2 H NMR lineshapes of perdeuterated amantadine revealed that the pore-bound drug is oriented upright while the surface-bound drug is tilted by 80
• or 37 • (Figure 3) . The quantification of protein-drug 13 C-2 H distances ( Figure  2c ), combined with other SSNMR constraints, resulted in a 0.3-Å-resolution structure of the drug-complexed state of the TM domain (Figure 1a) . Whereas previous SSNMR orientational, torsional, and interhelical distance constraints had been used to construct structure models of M2TM (70), the lack of protein-drug distances had caused these models to deviate significantly from the high-resolution structure in terms of the helix curvature and interhelical packing. The high-pH bilayer-based M2TM structure shows a tighter C-terminal half compared to the lowpH detergent-based crystal structure (72), consistent with the higher affinity of the drug for the channel at high pH. 13 C-2 H REDOR distance measurements confirmed that amantadine also binds to the Nterminal pore in the amphipathic-helix-containing M2 (75). However, the drug affinity to the surface site, Asp44, is diminished in the longer construct, which is consistent with the fact that 
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Figure 2
Determination of the drug-binding site in the influenza M2 transmembrane domain using magic-angle-spinning solid-state NMR. (a) 2D 15 N-13 C correlation spectra of M2TM in DLPC (dilauroylphosphocholine) bilayers with and without amantadine (Amt). Ser31 shows a large 15 N chemical shift change upon drug binding. (b) 13 C-2 H REDOR spectra of Ser31 and Asp44 at different drug: tetramer ratios. 13 C peaks that show intensity differences ( S) between the control S 0 and 2 H-dephased S spectra are close to the deuterated amantadine. At one drug per tetramer, only Ser31 is dephased by the 2 H pulses, whereas under excess drugs (four per tetramer), both Ser31 and Asp44 signals are dephased. (c) Quantitative 13 C-2 H REDOR decay of Ser31. The decay curve is simulated using a novel method that incorporates the four-fold symmetry of the helical bundle and the uniaxial diffusion of amantadine. The distance is parameterized in terms of the radius of the carbon from the channel axis and the height of the carbon from the middle of the two equatorial deuterium planes of the adamantane cage. the amphipathic helix is packed close to the TM domain (68) and partially obstructs the surface site. These findings indicate that the nonspecific surface-bound drugs in the solution NMR structure (Figure 1d ) (73) result from the high drug concentration used, whereas the lack of pore-bound drugs may result from detergent-induced artifacts and the curvature-inducing effect of the amphipathic helix. 13 C-2 H REDOR NMR also yielded the direction of the polar amine inside the pore. CD 3 -deuterated rimantadine showed sizeable dipolar coupling to Gly34 but not to Val27, indicating that the polar amine points toward the C terminus of the TM helix (76). Because the drug is known to perturb the pK a of the proton-selective His37 (77), this result demonstrates that the drug inhibits the channel not only by physical occlusion but also by interfering with His37 protonation. The latter is mediated by channel dehydration, as seen in water-protein 1 H spin-diffusion experiments (78).
SSNMR not only elucidated the inhibition mechanism of this proton channel but also gave atomic-level insights into its proton conduction mechanism. Two models had been proposed to explain how His37 selects protons against other monovalent cations. In the water-wire model, the His37 tetrad constricts the pore at high pH, thus blocking H + diffusion. Upon protonation at low pH, electrostatic repulsion opens the pore at this residue, thus establishing a continuous water wire over which protons hop via the Grotthuss mechanism (79). The potential of mean force of proton hopping was calculated for different charged states of the tetrad (80) and supports this model. In the shuttle model, His37 is envisioned to undergo successive protonation and deprotonation events to shuttle protons into the virion. The process is limited by the rate of His37 conformational changes to regenerate the initial state (81).
Hong and coworkers (44) measured the His37 protonation state, rotameric structure, sidechain dynamics, and hydrogen bonding as a function of pH to understand the mechanism of proton conduction. At high pH, the neutral His37 rings pack in a CH-π stacked fashion, creating an electron-rich region that is suggested to repel water oxygens on the two sides of the tetrad (Figure 5a ). The water repulsion is supported by bond-length measurements showing a short Nε2-H bond, unstretched by hydrogen bonding. At low pH, chemical shifts indicate that the His37 tetrad adopts +2 to +4 charged states, and the tt rotamers (χ 1 = χ 2 = 180
• ) keep the side chains far from each other in the spacious pore. Importantly, dipole order parameters at 303 K showed that the imidazolium rings undergo 45
• two-site jumps at rates >50,000 s −1 (Figure 4) , suggesting proton shuttling. Temperature-dependent dipolar couplings indicate that the energy barrier of the ring motion is >60 kJ mol −1 , which is consistent with the proton conduction barrier of ∼100 kJ mol −1 obtained from functional assays (82). Thus ring reorientation is the rate-limiting step of proton transport. The low-pH His37 tetrad shows bond elongation for Nε2, Cε1, and Nδ1, indicating hydrogen bonding on all three sides of the rings, supporting water-His proton transfer.
A persistent observation in both OS-and MAS-SSNMR spectra of M2 TM is the conformational plasticity (69, 83). Although the peptide is generally α-helical, the (φ, ψ) torsion angles of key residues such as Val27, Gly34, and His37 and the orientation of the TM helix are affected Proton-conduction mechanism of the influenza M2 channel. At high pH, the four histidine rings pack in an edge-face stacked fashion, disrupting Grotthuss hopping. Upon multiple protonation, the cationic histidines undergo microsecond ring reorientations that shuttle protons into the virion.
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The peptide shows larger disorder at low pH than at high pH, and in the absence of drugs than in their presence. Cholesterol and sphingomyelin immobilize the helical bundle (85), whereas onecomponent phosphocholine bilayers in the liquid-crystalline phase promote fast uniaxial diffusion of the helical bundle (86). Temperature-dependent 1 H rotating-frame spin-lattice relaxation times indicate that the uniaxial diffusion is faster for the drug-complexed tetramers than the drug-free ones (87), suggesting that amantadine binding tightens the TM helical bundle, consistent with analytical ultracentrifugation results (88). Gly34 shows nonideal helical conformations in the drugbound state and in thick lipid bilayers, and the His37 conformation deviates from an ideal helix at high pH and becomes ideal at low pH (84).
SEVEN-TRANSMEMBRANE-HELIX PROTEINS
Rhodopsin is a canonical member of the class A GPCR family and acts as the photoreceptor in vertebrates, converting light signals to neural responses. In the dark inactive state, the seven TM helices (H1-H7) surround the cofactor, retinal, on the extracellular side of the receptor (89, 90). The 11-cis retinal chromophore binds covalently to rhodopsin via a protonated Schiff base to the Lys296 side chain. The extracellular loop EL2, which connects H4 and H5, folds into a lid over the retinal binding site. Upon light absorption, 11-cis retinal isomerizes to the all-trans configuration within 200 fs, which causes the protein to thermally relax via a series of intermediates to the active Meta II state. Meta II then binds and activates the G protein transducin. Crystal structures of dark-adapted and several intermediate states of rhodopsin have been determined and show no large-scale changes from the dark state to the Meta I state, but there is a large conformational change from the Meta I to the Meta II state (4, 91).
2 H SSNMR was used to determine the structural and dynamical changes of retinal upon light absorption (92) . Based on 2 H lineshapes of methyl-deuterated retinal in oriented membranes, Brown and coworkers (93, 94) extracted the relative orientations of the three planes of retinal. In the dark state, the plane for the conjugated polyene chain between the β-ionone ring and C12 (plane B) is twisted by −65
• at the C6-C7 bond from the β-ionone ring and is twisted from the plane for the end of the polyene chain (plane C) by 150
• around the C12-C13 bond (93) . Transitioning to the Meta I state changes the C6-C7 torsion angle to 32
• or 57
• and makes planes B and C roughly parallel (94) . Analysis of 2 H T 1Z and T 1Q relaxation times of the methyl groups as a function of temperature yielded the activation energies (E a ) and order parameters of methyl rotations for the dark, Meta I, and Meta II states (95, 96) . The methyl group attached to C5 of the β-ionone ring has the highest E a , which is insensitive to photoactivation (95), consistent with confinement of the ring in the hydrophobic pocket of the protein. The methyl groups associated with C9 and C13 have energy barriers that change with photoactivation: Retinal isomerization increases the C9 E a but decreases the C13 E a . These changes were attributed to the rearrangement of the TM helices and the polyene chain protons near the methyl groups (95) . Movement of the β-ionone ring was proposed to affect the H3-H5 interface and hydrogen-bonding network, whereas the C13 methyl rotation was proposed to impact EL2 and the H4-H6 hydrogen-bonding network (96) .
Smith and coworkers (4, 97-100) used 2D MAS 13 C correlation NMR to determine retinalopsin contacts. Using the crystal structure of the dark state as a starting point, they systematically www.annualreviews.org • Membrane Protein Structure by NMRmeasured retinal-protein and protein-protein distances lining the chromophore binding pocket. These residues include tyrosines, glycines, Trp265, and Ser186. The 2D 13 C spin-diffusion experiment is sensitive to distances within about 5.5Å; thus the rotation and translation of retinal manifest as the disappearance or appearance of cross peaks with protein residues. The retinal and the protein are site-specifically labeled with 13 C. Multiple residues of the same type were assigned based on the crystal structure of the ground state. These studies revealed how retinal isomerization choreographed intricate changes of the TM helices and loops (4). Activation to Meta II translates retinal by 4-5Å from H7 toward H5, at the same time rotating the methyl attached to C13 by more than 90
• (97) . This retinal motion alters the interaction of H5 with H3, causes rigid-body rotation of H6, and affects the interaction of H7 with the H1-H4 core of the protein. Analyses of the 15 N chemical shifts of key aromatic residues such as His211 on H5 and Trp265 on H7 revealed the rearrangement of interhelical hydrogen-bonding networks (98) . For example, Trp265 of H6 contacts the retinal C13 methyl in the dark state but displaces to contact the C9 methyl in the Meta II state (99) , suggesting that retinal movement drives an outward rotation of H6. 2D correlation experiments also provided atomic details about the effects of retinal isomerization on the EL2 loop connecting H4 and H5 (100). EL2 is displaced by the chromophore, rearranging the surrounding hydrogen-bonding networks. The EL2 changes are coupled to H5 motion, which disrupts an H3-H6 ionic lock involving Arg135 and Glu247.
In addition to mammalian rhodopsin, microbial rhodopsins such as the eubacterial green proteorhodopsin and sensory rhodopsin II (SRII) have been studied recently using MAS SSNMR (15, 101) . These GPCRs act as photosensors and proton pumps and are counterparts to the wellstudied haloarchaeal proton pump, bacteriorhodopsin (102) . In contrast to bovine rhodopsin, the retinal cofactor of microbial rhodopsins is in the all-trans form in the ground state and converts to the 13-cis configuration upon light activation. For SRII, isomerization activates the transducer HtrII.
SSNMR studies of SRII and proteorhodopsin employed various 13 C, 15 N-labeled samples, including both uniform 13 C labeling and reverse 13 C labeling, in which a few dominant residue types were kept in natural abundance to reduce spectral congestion. Differential labeling of the receptor and transducer was employed to obtain information on SRII binding to the transducer. Using scalar-coupling-mediated 2D correlation experiments, Baldus and coworkers (15) showed that free SRII contains three highly dynamic loops out of the total six loops that connect the seven TM helices. Spectral assignment was facilitated by mobility filters that detect either rigid or dynamic residues. Polarization transfer from water to the protein was used to identify waterexposed residues (15) . Upon light activation, limited chemical shift perturbations were observed in SRII, which suggest that conformational changes mainly occur in helix F. By comparing dipolarand scalar-coupling-based correlation spectra, Baldus and coworkers found the dynamic loops to be immobilized upon receptor-transducin complexation. 2D correlation spectra of 13 C-labeled receptor and 15 N-labeled transducer indicate that the intermolecular interface is larger in the lipid membrane than in the crystal structure (103) . Chemical shift perturbations suggest that signal transduction may be mediated by the coupled motion of helices F and G of the receptor, which causes rotations of helix TM2 of the transducer. Further information about the structural changes due to light activation and complex formation will require examination of the ∼30% of the protein residues that are unlabeled in these studies.
β-SHEET-RICH OUTER MEMBRANE PROTEINS
The structures of β-barrel proteins situated in the outer membranes of gram-negative bacteria and eukaryotic mitochondria are an attractive class of membrane proteins for NMR because of the DPC: dodecylphosphocholine large chemical shift dispersion of β-sheet residues. The bacterial outer membrane proteins have diverse functions such as ion transport, cell-cell recognition, and cell shape maintenance (104) . To date, the high-resolution structures of OmpA (104), OmpG (105), PagF (106) , and VDAC have been determined in detergent micelles using solution NMR. The orientation of OmpX in phospholipid bilayers has been studied using 15 N OS-SSNMR (107) . An initial MAS-NMR study of OmpG has also been reported (108) . Liang & Tamm (105) determined the structures of OmpA in dodecylphosphocholine (DPC) micelles and OmpG in octylglucoside micelles. OmpA functions as a slightly anion-selective channel and as a receptor for phages and colicins (109, 110) , whereas OmpG acts as a pH-regulated porin for oligosaccharide uptake. Both proteins have the characteristic architecture of a hydrogenbonded polar core and an apolar lipid-facing surface. OmpA is an eight-stranded β-barrel connected by tight turns on the periplasmic side and mobile loops on the extracellular side (104) . The NMR structure largely agrees with the crystal structure but shows more extended and more dynamic loops. The protein exhibits a dynamic gradient along the barrel axis, with the middle of the barrel being more rigid than the two ends. Interestingly, this dynamic gradient opposes the gradient of the lipid bilayer, which is the most dynamic in the center. OmpG is a larger β-barrel with 14 strands, and the solution NMR structure is shorter and rounder than the crystal structure (105) . The NMR structure was solved at pH 6.3 and was likely a mixture of the open and closed conformers exchanging on the micro-to millisecond timescale.
Whereas most solution structures of outer membrane proteins assume the protein orientation, direct orientational constraints were obtained for OmpX by Mahalakshmi & Marassi (107) using OS-SSNMR. They measured 2D spectra that correlate 15 N chemical shift anisotropy with 15 N-1 H dipolar coupling. Because of the large number of overlapped resonances they compared the experimental spectra with back-calculated spectra for different orientations of the crystal structure of OmpX. In this way, the authors determined that the β-barrel axis of OmpX was tilted by 7
• from the membrane normal (107) .
The voltage-gated anion channel VDAC is a eukaryotic β-barrel protein that transports metabolites, small molecules, and small proteins from the cytoplasm to the mitochondrion (111) . VDAC is also involved in programmed cell death (apoptosis) through interaction with the Bcl-2 family of apoptotic proteins (112) . The voltage-gating activity of VDAC is well characterized by electrophysiology (113) . Two high-resolution structures of human VDAC were recently determined using solution NMR in one case (114) and NMR and X-ray diffraction in the other (115) . The two structures are similar, both showing 19 β-strands traversing the membrane at an angle of ∼45
• with respect to the barrel axis. This result is unusual because all other known outer membrane β-barrels have an even number of strands. Strands β1 and β19 of VDAC are paired in parallel, and the N-terminal 25 residues form a partial α-helix that transverses the pore. The barrel has a diameter of ∼25Å, consistent with electron microscopy data. Detergent molecules surround the entire barrel perimeter, indicating a monomeric protein in the micelle.
Although the two high-resolution structures reached the same conclusion, Colombini (113) raised the question of whether this conformation is native, because biochemical and functional data had previously led to the prediction of a 13-stranded barrel. He contended that an artifactual conformation might have been caused by protein refolding from inclusion bodies. Countering this argument was the fact that the refolded VDAC, when reconstituted into cholesterol-containing lipid bilayers, exhibited single-channel conductance and ion selectivity similar to those of the native protein (114) . It is also possible, although unlikely, that the detergent may perturb the protein conformation. Resolution of these issues will require independent structure validation in lipid bilayers using SSNMR, possibly in combination with sensitivity-enhancement techniques such as dynamic nuclear polarization. 
VIRAL FUSION PROTEINS
Enveloped viruses enter cells by undergoing a large conformational change in their surface glycoproteins, which expose a hydrophobic fusion domain to the appropriate target membrane. These fusion domains represent an attractive class of membrane peptides for NMR structure determination because their hydrophobic nature has made them invisible in X-ray crystal structures of the postfusion state (116) . The fusion protein of the influenza A virus hemagglutinin (HA) and the fusion protein of HIV-1 gp41 have been extensively studied using solution and SSNMR spectroscopy.
The influenza HA fuses with the endosomal membrane of epithelial cells at low pH after the protein undergoes receptor-mediated endocytosis (117) . The fusion peptide (FP), located at the N terminus of the HA2 subunit, is buried at the monomer interface of the trimeric protein at neutral pH. Upon a decrease in pH, HA undergoes a dramatic refolding that translates the FP domain by ∼100Å, inserting it into the endosomal membrane (116) . Meanwhile, a C-terminal hydrophobic domain of HA2 remains anchored in the viral membrane. Subsequent conformational changes in the rest of the protein, whose details are still not well understood, bring the two membranes together and cause lipid mixing.
Tamm and coworkers (118) determined the solution structures of a 20-residue N-terminal FP of HA and its mutants in detergent micelles. In DPC micelles at neutral and acidic pH, the HA FP shows a boomerang structure with a 105
• bend between the N-terminal α-helix and the C-terminal 3 10 helix (Figure 6a) (119, 120) . The bend is centered around Glu11 and Asn12. Electron paramagnetic resonance (EPR) of nitroxide-labeled peptide in the presence of O 2 and NiEDDA yielded the depth of the peptide in POPC/POPG (palmitoyloleoylphosphocholine/palmitoyloleoylphosphoglycerol) bilayers. The Glu11-Asn12 kink lies near the membrane surface, whereas the N terminus is buried by 10Å at high pH and about 16Å at low pH. Based on residue-specific depths, the authors estimated that the N-terminal helix was tilted by 23
• at pH 7.4 and 38
• at pH 5 (119) . The functional importance of this V-shaped structure was confirmed by structure-activity studies of several mutants. It was found that the stronger the fusogenic activity was, the tighter and more rigid the kink was. For example, a fusogenic F9A mutant has a similar boomerang structure as wild-type (WT) FP, with a 120
• kink (121) , whereas the inactive G1V mutant is a linear α-helix (122) . The kink is stabilized by hydrophobic and hydrogen-bonding interactions between residues on the two sides. For example, mutation of Trp14 to Ala abolished fusion and resulted in a flexible kink that points the C-terminal helix to water rather than the bilayer center (120) . Based on these findings, a spring-loaded boomerang model was proposed to explain the mechanism of membrane fusion (122) . In this model, the coiled-coil region of HA changes its tilt angle relative to the target and viral membranes, in which the FP and the C-terminal TM peptides are embedded, thus bringing the two membranes together.
The boomerang structure of the HA FP was refined by Sun & Weliky (123) using MAS SSNMR of POPC/POPG-bound peptide. They observed two sets of chemical shifts for the turn residue Glu11. The minor conformer, which was detected only at low pH at which the Glu11 side chain is protonated, is suggested to cause fusion.
Recently, Bax and coworkers (124) determined the structure of a longer, 23-residue, construct of the HA fusion domain. The longer peptide includes Trp21, Tyr22, and Gly23 residues, which are conserved across all 16 serotypes of HA genes. Inclusion of these three residues created a helical hairpin structure (Figure 6b) , which is tighter than the boomerang structure of the 20-residue peptide. Six of the seven glycines lie at the interface of the hairpin, suggesting that the hairpin structure is stabilized by the ability of GxxxG and GxxG motifs to form helix-helix associations in membrane proteins (125) . However, how the hairpin structure catalyzes membrane fusion is not understood.
In contrast to the influenza virus, HIV fuses with the membrane of target cells at neutral pH. Solution and SSNMR studies showed that the structure of the gp41 FP depends on both the membrane composition and peptide/lipid ratio. In detergent micelles of both anionic and zwitterionic origins at low peptide/lipid ratios (<1:100), gp41 FP is predominantly α-helical and monomeric, with larger dynamic disorder at the C terminus (126, 127) . These results were obtained from residual dipolar couplings, nuclear Overhauser effects, and 15 N relaxation measurements. In comparison, in cholesterol-containing lipid bilayers that mimic the HIV envelope lipid composition, 13 CO chemical shifts from MAS experiments showed predominantly β-strand conformation (128). 13 C-15 N distance measurements indicate that these β-strands pack in both parallel and antiparallel fashions at roughly equal populations (129) . Because the β-sheet conformation was obtained at peptide/lipid ratios of 1:50 to 1:200, peptide concentration does not explain the secondary structure difference between the solution NMR and SSNMR results. Instead, cholesterol appears to play the role of converting the gp41 FP from a monomeric α-helix to an oligomeric β-sheet. In cholesterol-free POPC/POPG membranes, the gp41 FP has a mixture of β-sheet and α-helix chemical shifts (130) . Oligomerization is important for the fusogenic activity: Covalently bonded trimeric gp41 FP shows stronger fusogenic activity than monomeric and dimeric FPs (130, 131) .
Distance measurements between 13 C-labeled HIV FP and lipid 31 P or 19 F spins demonstrated that the stronger the fusogenic activity is, the deeper the β-sheet peptide inserts into the virusmimetic membrane (132). The active trimeric gp41 FP inserts its middle portion all the way to the center of the bilayer (Figure 6c) , whereas an inactive mutant lies on the surface of the membrane. The monomeric gp41 FP, which has partial fusogenic activity, partitions halfway into one leaflet of the membrane. These results are consistent with the notion that deeper membrane insertion causes stronger perturbation of the bilayer, thus facilitating lipid mixing between the target and viral membranes. Static 31 P NMR spectra of glass-plate-aligned virus-mimetic membranes showed that gp41 FP binding increased the membrane disorder. More systematic studies of the correlation between fusogenic activity and membrane disorder will be useful to gain further insights into the fusion mechanism. Given the ability of gp41 FP to form either α-helical or β-sheet structures, it will also be important to determine the secondary structure or possibly dynamic exchanges between secondary structures that are responsible for membrane fusion.
PHOSPHOLAMBAN
Phospholamban (PLN) is a small membrane protein involved in the regulation of the cardiac cycle. Monomeric unphosphorylated PLN inhibits sarcoplasmic reticulum ATPase (SERCA) pumps and stops Ca 2+ flow, whereas phosphorylated PLN reverses this effect. Pentameric PLN does not bind SERCA but acts as a storage form of PLN. Thus PLN has multiple functional states: the unphosphorylated monomeric form, the phosphorylated monomeric form, the SERCA-bound state, and the pentameric state.
Owing to its biomedical importance and its relatively small size (52 residues), PLN, similar to the influenza M2 transmembrane peptide, has been well studied by OS-SSNMR, MAS SSNMR, and solution NMR. Most studies agree on the α-helical structure of the TM domain but disagree on the cytoplasmic domain structure, dynamics, and orientation and the pentameric structure.
Veglia and coworkers used solution NMR, OS-SSNMR, and EPR to determine the structure of AFA-PLN, a functional monomeric mutant in which three Cys residues are replaced by one Phe and two Ala residues. In DPC micelles, the cytoplasmic domain of AFA-PLN exchanges between a major conformer parallel to the membrane (T state) and a minor conformer with an extended and disordered structure (R state) (133). SERCA binding shifts the equilibrium to the dynamic R state (133). 2D
15 N SSNMR of oriented DOPC/DOPE bilayers shows that the TM helix of AFA-PLN is oriented by ∼20
• from the bilayer normal and undergoes fast uniaxial diffusion (134), whereas the cytoplasmic helix exhibits more complex motions and has a 93
• tilt from the bilayer normal (134, 135). Thus the majority of monomeric AFA-PLN exhibits an L-shaped structure. In the pentameric state, WT PLN has a similar topology, except that the TM helix is less tilted (∼11
• ) (136), giving a pinwheel assembly (137). Solution NMR of DPC-bound protein, EPR lineshapes and dynamics data, and paramagnetic relaxation enhancement results confirm the strong interaction of the cytoplasmic residues with the membrane surface (138). Intermolecular cross peaks were observed for TM residues in 2D solid-state and solution NMR spectra, indicating that the pentameric pore is very narrow (less than 2Å); thus the pentamer is unlikely to act as an ion channel (136).
Lorigan and coworkers (139) used 2 H and 15 N SSNMR to probe the backbone and sidechain dynamics of pentamic WT PLN. They found that the TM residues exhibit immobilized backbones, whereas the cytoplasmic domain shows a mixture of a highly dynamic structure and an immobilized helix in POPC bilayers. The latter is manifested as a superposition of an isotropic signal and rigid-limit powder pattern in the static 15 N spectra. Thus both monomeric AFA-PLN and pentameric WT PLN show coexistence of two cytoplasmic conformations. Oriented-sample 15 N spectra of this pentameric PLN in POPC and DOPC/DOPE bilayers yielded a tilt angle of 11
• -13
• for the TM helix and an in-plane orientation for the cytoplasmic helix (140), consistent with the Veglia findings and supporting a pinwheel structure (137).
Oxenoid & Chou (141) reported a different pentamer structure for WT PLN in DPC micelles. Using primarily chemical shifts and residual dipolar couplings, they concluded that the cytoplasmic helices protrude away from the membrane plane, giving a bellflower topology. In addition, a bend at Leu37 was found in the middle of the TM helix. These two features, so far not observed by other laboratories, were suggested to be an artifact of the effects of orientational degeneracy and motional averaging on residual dipolar couplings (136). Nevertheless, the outward-pointing cytoplasmic helices present an interesting model for PLN's interaction with SERCA, and it may be interesting to investigate whether such a structure is populated during PLN's transition from the inactive T state to the active R state.
Baldus and coworkers (142) used MAS NMR to determine the secondary structure, dynamics, and lipid interaction of monomeric AFA-PLN in DMPC bilayers. They found the cytoplasmic residues to exhibit high disorder, as manifested by sharp signals in scalar-coupling-based 2D correlation spectra. Binding to SERCA caused the cytoplasmic domain to become more ordered and more helical (143) .
The different structures of the PLN cytoplasmic domain from these studies may partly reflect the dependence of the protein structure on the lipid composition, protein/lipid ratio, and protein hydration. In general, the disordered structure of the cytoplasmic domain was absent in glass-platealigned samples but was readily observed in unconstrained vesicle samples used in MAS-NMR and EPR experiments. This may reflect a tendency for glass plates to enforce order to extramembrane portions of membrane proteins. The native conformational distribution of PLN may include the in-plane α-helical structure and disordered out-of-plane structure at equilibrium. Because the inactive pentameric PLN must dissociate to bind and inhibit SERCA, and because the SERCAbinding monomeric PLN involves a highly dynamic cytoplasmic domain, it will be of interest to characterize the conformational transition of the cytoplasmic domain from the in-plane state to the disordered state and to correlate this conformational change with function.
CONCLUSION
The above survey shows that SSNMR spectroscopy has advanced tremendously to make significant contributions to membrane protein structure determination both at the whole structure level and at the local level. It provides information about missing domains in crystal structures, gives atomic-resolution details about ligand structure and binding, and reveals functionally relevant protein motion. The synergy among MAS SSNMR, OS-SSNMR, and solution NMR will provide increasing opportunities to understand how membrane protein conformation depends on the solubilizing environment. As always, structure itself is not the ultimate goal. How structure dictates function and mechanism lies at the heart of structural biology. The unique ability of SSNMR spectroscopy to capture ion movements and protein dynamics, visualize protons that are invisible to crystallography, and determine native structures in lipid bilayers will make it an ever more compelling technology for membrane protein structural biology.
SUMMARY POINTS
1. High-resolution magic-angle-spinning solid-state NMR gives atomic-resolution distance constraints of membrane proteins and protein-ligand binding sites.
2. The conformational dynamics of membrane proteins is exquisitely probed by 2 H and dipolar coupling NMR.
3. The membrane-mimetic environment exerts significant influence on membrane protein structures. Structures of detergent-solubilized membrane proteins can be critically validated using SSNMR of bilayer-bound samples.
4. MAS-SSNMR studies, in combination with electrophysiology, have provided unique insights into the mechanisms of inhibition and ion conduction of potassium and proton channels.
5. SSNMR studies have revealed atomic details of coupled protein and retinal conformational changes of the visual receptor rhodopsin that underlie light activation. 
